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CO | Leptoquark searches are considered for future experiments at HERA, Teva- 

<^> tron, LHC, TESLA and THERA. Expected exclusion limits from direct leptoquark 

q . searches (leptoquark pair production and single leptoquark production) are com- 

pared with indirect limits expected from the contact interaction analysis. Strongest 



limits on the leptoquark masses and couplings are expected from high luminosity 
(D \ LHC data. If the leptoquark signal suggested by the existing data is detected at 

LHC, with mass below 1 TeV, TESLA will be an ideal place to study leptoquark 
properties, provided that the leptoquark Yukawa coupling is not too small. 



1 Introduction 

New result on atomic parity violation (APV) in Cesium and unitarity of the CKM matrix, 
as well as recent LEP2 hadronic cross-section measurements indicate possible deviations 
from the Standard Model predictions. Exchange of leptoquark type objects with masses 
above 250GeV has been proposed as a possible explanation for these effects [|TJ. If the 
observed signal is real it should become clearly visible in future colliders. 

The aim of the present analysis is to compare leptoquark search limits expected from 
different experiments. The Buchmuller-Ruckl-Wyler model used in this analysis is de- 
scribed in section ^ Results from the global analysis of available experimental data[[L] 



and the possible leptoquark signal are briefly summarized in section 0. Parameters of 
existing and future colliders considered in this analysis are presented in section [|. 

In section |5] expected limits on the leptoquark mass to the coupling ratio are calculated 
in the limit of very high leptoquark masses, using the contact interaction approximation. 
Limits expected from precise measurements of the Drell-Yan lepton pair production at the 
Tevatron and LHC, hadronic cross-section measurements at TESLA e + e~ and high-Q 2 NC 
DIS at HERA, THERA and TESLA (e + e _ and ej) are compared with the existing limits. 
In sections ^ and |7| expected limits from direct leptoquark production are considered. 
Leptoquark pair production is studied for the Tevatron, LHC and TESLA (e + e~ and 
77 scattering) whereas single leptoquark production is considered for HERA, THERA 
and TESLA (e + e~ and ej scattering). Results expected from different experiments are 
compared in section |8|. 

2 Leptoquark models 

In this paper a general classification of leptoquark states proposed by Buchmuller, Riickl 
and Wyler || will be used. The Buchmuller-Riickl-Wyler (BRW) model is based on the 
assumption that new interactions should respect the SU (3)c x SU (2) l X U(l)y symmetry 
of the Standard Model. In addition leptoquark couplings are assumed to be family di- 
agonal (to avoid FCNC processes) and to conserve lepton and baryon numbers (to avoid 
rapid proton decay). Taking into account very strong bounds from rare decays it is also 
assumed that leptoquarks couple either to left- or to right-handed leptons. With all these 
assumptions there are 14 possible states (isospin singlets or multiplets) of scalar and vec- 
tor leptoquarks. Table [I] lists these states according to the so-called Aachen notation 
0. An S(V) denotes a scalar (vector) leptoquark and the subscript denotes the weak 
isospin. When the leptoquark can couple to both right- and left-handed leptons, an ad- 
ditional superscript indicates the lepton chirality. A tilde is introduced to differentiate 
between leptoquarks with different hypercharge. Listed in Table [I] are the leptoquark 
fermion number F, electric charge Q, and the branching ratio to an electron-quark pair 
(or electron-antiquark pair), 0. The leptoquark branching fractions are predicted by the 
BRW model and are either 1, | or 0. For a given electron-quark branching ratio 0, the 
branching ratio to the neutrino-quark is by definition (1 — 0). Also included in Table [I] are 
the flavours and chiralities of the lepton-quark pairs coupling to a given leptoquark type. 
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Table 1: A general classification of leptoquark states in the Buchmuller-Ruckl-Wyler 
model. Listed are the leptoquark fermion number, F, electric charge, Q (in units of 
elementary charge), the branching ratio to electron-quark (or electron-antiquark), (3 and 
the flavours of the coupled lepton-quark pairs. Also shown are possible squark assignments 
to the leptoquark states in the minimal supersymmetric theories with broken R-parity. 
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In three cases the squark flavours (in supersymmetric theories with broken R-parity) with 
corresponding couplings are also indicated. Present analysis takes into account only lepto- 
quarks which couple to the first-generation leptons (e, u e ) and first-generation quarks (u, 
d), as most of the existing experimental data constrain this type of couplings. Second- and 
third-generation leptoquarks as well as generation-mixing leptoquarks will not be consid- 
ered in this paper. It is also assumed that one of the leptoquark types gives the dominant 
contribution, as compared with other leptoquark states and that the interference between 
different leptoquark states can be neglected. Using this simplifying assumption, differ- 
ent leptoquark types can be considered separately. Finally, it is assumed that different 
leptoquark states within isospin doublets and triplets have the same mass. 

3 Current limits from global analysis 

In a recent paper available data from HERA, LEP and the Tevatron, as well as from 
low energy experiments are used to constrain the Yukawa couplings Xlq and masses 
Mlq for scalar and vector leptoquarks. To compare the data with predictions of the 
BRW model the global probability function V(Xlq, Mlq) is introduced, describing the 
probability that the data come from the model described by parameters Xlq and Mlq- 
The probability function is defined in such a way that the Standard Model probability 
Vsm = 1- Constraints on the leptoquark couplings and masses were studied in the limit of 
very high leptoquark masses (using the contact interaction approximation @]) as well as for 
finite leptoquark masses, with mass effects correctly taken into account. Excluded on 95% 
confidence level are all models (parameter values) which result in the global probability 
less than 5% of the Standard Model probability: V(Xlq, M L q) < 0.05. For models which 
describe the data much better than the Standard Model (V ma x = maxP(A, M) ^> 1) the 

A. Kl 

95% CL signal limit is defined by the condition: V(Xlq, Mlq) > 0.05 • V ma x- 

Four leptoquark models are found to describe the existing experimental data much 
better than the Standard Model (V(Xlq, M L q) > 20). The signal limits for these models, 
at 68% and 95% CL are compared with exclusion limits in the (Xlq, Mlq) space in Figure 
|l| For 5*i and V leptoquarks the observed increase in the global probability by factor 
367 and 142 respectively corresponds to more than a 3a effect. The leptoquark "signal" 
is mostly resulting from the new data on the atomic parity violation (APV) in cesium||. 
After the theoretical uncertainties have been significantly reduced, the measured value of 
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the cesium weak charge is now 2.5a away from the Standard Model prediction. Also the 
new hadronic cross-section measurements at LEP2, for \fs= 192-202 GeV, are on average 
about 2.5% above the predictions^. The effect is furthermore supported by the slight 
violation of the CKM matrix unitarity and HERA high-Q 2 results. 



4 Future experiments 

In the presented analysis experiments at the following existing and future colliders are 
considered: 

• HERA 

Since 1998 HERA collides 920 GeV protons with 27.5 GeV electrons or positrons, 
resulting in y/s ^318 GeV. After the accelerator upgrade in 2000/2001 HERA is 
expected to deliver about 200 pb~ x of data every year. In this analysis the integrated 
luminosity of 400 pb^ 1 for each beam (e~p and e + p) is assumed. 

• The Tevatron 

The Tevatron is expected to start collecting data again in 2001. After the accelerator 
upgrade the pp center-of-mass energy of a/s= 2 TeV is expected and the luminosity 
of about 1-2 fb~ x per year. Up to 10 fb^ 1 of the data can be collected before LHC 
turns on. Results given in this paper were calculated for integrated luminosities of 
1 and 10 /ft -1 . 

• LHC 

The Large Hadron Collider (LHC), currently under construction at CERN, will 
collide proton beams at the center-of-mass energy of \fs= 14 TeV. The luminosity 
expected at the very beginning is about 10 fb~ x per year and should increase up 
to about 100 jb~ x per year in the next years. Results given in this paper were 
calculated for integrated luminosities of 10 and 100 fb^ 1 . 

• TESLA 

TESLA is one of the existing proposals for the next-generation e + e~ linear collider. 
It would collide 250 GeV electron and positron beams (y/s= 0.5 TeV), delivering 
the integrated luminosity of up to 500 fb~ l . After the accelerator upgrade, beam 
energies of up to 500 GeV (y/s= 1 TeV) should be reachable. 



5 



o 






1/2 




/ 


★ best fit 






: Signal limits 


pc. 




: □ 95% CL 






□ 68% CL 






Exclusion limit 


\ 




95% CL 


1 





200 



300 

M, 



400 500 

[GeV] 





o 

_l 



10 



200 300 400 500 

M LQ [GeV] 



10 



-2 



M, „ [GeV] 



V L 




1/2 










\ 

' i 



200 300 400 500 

M LQ [GeV] 



Figure 1: Signal limits on 68% and 95% CL for different leptoquark models (as indicated 
in the plot) resulting from the global analysis of existing data JT|. Dashed lines indicate 
the 95% CL exclusion limits. For V model a star indicates the best fit parameters. For 
other models the best fit is obtained in the contact interaction limit M^q — > oo. 
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High energy e + e~ collisions can be also used to study cy and 77 interaction, with the 
effective photon flux described by the Waizsacker- Williams Approximation (WWA). 
However, high quality electron beams of TESLA could be also used to produce high 
energy and high intensity photon beams from the Compton backscattering of laser 
light 0. In that case scattered photons usually take most of the electron energy. 
The energy spectrum is much harder than for WWA and peaked at the maximum 
photon energy E™ ax ~ 0.83 E e . Taking into account possible production of high 
intensity photon beams, three different scenarios are considered for TESLA, for 
J~s7e= 0.5 and 1 TeV, and the integrated luminosity of 100 fb^ 1 : 




— e + e scattering; 

e7 and 77 collisions are also considered using the WWA effective photon flux, 

— ej scattering, with photon beam produced by Compton backscattering; 
the maximum ej center-of-mass energy y/s ei ~ 0.91^/s^, 




— 77 scattering, with both photon beams produced by Compton backscattering; 
the maximum 77 center-of-mass energy Js^ ~ 0.83^/5^, 




If TESLA project is approved, it is also possible to consider scattering of 250 or 
500 GeV electron beam from TESLA with 1 TeV proton beam from HERA, resulting 
in the center-of-mass energy of \/s= 1 and 1.4 TeV respectively. Expected integrated 
luminosity is of the order of 100 pb^ 1 . 

5 Contact interaction limit 

In the limit Mlq ^> y/s the effect of leptoquark production or exchange is equivalent to a 
vector type eeqq contact interaction [|J. Limits on the effective contact interaction mass 
scale A (related to the leptoquark mass to the coupling ratio M L q/X L q) can be extracted 
from precise measurements of different Standard Model processes. Expected limits from 
future experiments are calculated assuming that no deviations from the Standard Model 
predictions will be observed. The method used has been described in details in |l|, ||. 
Limits from the following future measurements are considered: 

• Drell-Yan electron pair production at the Tevatron and LHC; 







• THERA 
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Table 2: 95% CL exclusion limits on Mlq/Xlq, expected from future measurements of 
the Drell-Yan electron pair production at the Tevatron and LHC, and the total hadronic 
cross-section measurements at TESLA. Current experimental limits are included for com- 
parison. 



from comparison with || HI event selection efficiency is assumed to be 50% at the 



Tevatron and 80% at LHC, 

hadronic cross-section measurements at TESLA e + e~, 
assuming that cr(e + e~ — > qq) is measured with 1% precision, 

high-Q 2 NC DIS cross-section for e ± p scattering at HERA and e~p scattering at 
THERA, 

high-Q 2 NC DIS cross-section for ey scattering at TESLA, for e + e~ (7 from WWA) 
and e7 (7 from Compton backscattering) scenarios. 



Parton densities are described by the MRST distribution functions |TT] for the proton and 
GRV LO distribution functions |L2] for the photon. 95% CL exclusion limits on M L q/Xlq, 
expected from different future experiments, are presented in Tables ^ and [3|. Current limits 
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Current Expected 95% CL exclusion limits on Mlq/Xlq [TeV] 
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Table 3: 95% CL exclusion limits on M L q/X L q, expected from future measurements 
of high-Q 2 NC DIS cross-sections at HERA (e ± p scattering), TESLA (e7 scattering in 
e + e _ and e7 scenarios) and THERA (e~p). Current experimental limits are included for 
comparison. 

from global analysis [0] are included for comparison. Strongest limits on the leptoquark 
mass to the coupling ratio, in the contact interaction approximation are expected from 
the Drell-Yan electron pair production at LHC and hadronic cross-section measurements 
at TESLA. Results presented for Drell-Yan electron pair production and high-Q 2 NC DIS 
measurements are the mean values from about 2000 MC experiments. Poisson fluctuations 
in the observed numbers of events can result in the statistical fluctuation of the actual 
limit of 10-20%. 

6 Limits from leptoquark pair production 

Leptoquark pair production has been considered for pp collisions at the Tevatron, pp 
collisions at LHC and 77 scattering at TESLA (in e + e~ and 77 scenarios). The advantage 
of the leptoquark pair production is that the cross-section depends only on the the strong 
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or electromagnetic coupling constant and does not depend on the leptoquark Yukawa 
coupling. The leptoquark mass limits derived from the search for the leptoquark pair 
production are therefor valid for arbitrary values of Xlq- 



Presented results are based on the cross-sections given in |T3| , H. For vector lepto- 



quark production at the Tevatron and LHC the anomalous coupling values resulting in 
the minimal pair production cross-section are assumed. For vector leptoquark production 
at TESLA minimal couplings k—1, A=0 are used. For leptoquark pair production at 
LHC the Standard Model background estimate is taken from |T5[. For leptoquark pair 
production searches at the Tevatron and at TESLA the Standard Model background is 
assumed to be negligible. Event selection efficiency is 25% at the Tevatron jl6j and 30% at 
LHC (from comparison with |15|). For TESLA it is assumed that (due to much "cleaner" 
environment of e + e~ collisions) high event selection efficiency (close to 100%) is possible. 
95% CL exclusion limits on the leptoquark mass Mlq, expected from the negative search 
results at different future experiments, are presented in Table |j. In all cases strongest 
limits on the leptoquark mass are expected from the pair production search at LHC. 



7 Limits from single leptoquark production 

Production of single leptoquarks has been considered for e ± p scattering at HERA and 
THERA and for scattering at TESLA (in e + e~ and e'j scenarios). In the narrow- width 
approximation, the cross-section for single F = 2 leptoquark production in electron-proton 
scattering (via the electron-quark fusion) is given by: 



a 



(M LQ ,X LQ ) = (J+l).—^. XLQq ( XLQ} M 2 LQ ) (1) 



where J is the leptoquark spin, q(x, Q ) is the quark momentum distribution function 

M 2 

in the proton and xlq = —j^-- For the single leptoquark production in ej collisions two 
approaches are possible: 

• leptoquark is produced in the electron fusion with a quark inside the photon. The 
production cross-section is given by the formula ([!]), with q(x,Q 2 ) describing the 
quark momentum distribution in the photon. As before, GRV LO parton densities 
for the photon Jl2[ are used. 
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Table 4: 95% CL exclusion limits on the leptoquark mass Mlq, expected from the negative 
pair production search results at the Tevatron, LHC and TESLA. Current experimental 
limits are included for comparison. 

• photon directly participates in the process e7 — > LQ q. The cross-section for this 
process is taken from W7 . 



Both approaches give very similar numerical results for the single leptoquark production 
cross-section. This is due to the fact that the dominant contribution to the direct photon 
process comes from the diagram in which photon splits into the qq pair, which is also 
described in the resolved photon approach, mentioned above. 

Only the leptoquark signal in the electron-jet decay channel is considered in this 
study and the resolution of the mass reconstruction is assumed to be 5%. Expected 
signal from single leptoquark production, for given leptoquark mass Mlq and Yukawa 
coupling Xlq, is compared with the observed number of events from the Standard Model 
background (ep or ej NC DIS). The background can be suppressed by applying a cut on 
the Bjorken variable y, which is optimized for every leptoquark type as a function of the 
leptoquark mass. The 95%CL exclusion limit on the leptoquark Yukawa coupling Xlq 
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corresponds to the decrease of the Poisson probability for the number of events observed 
in the leptoquark mass window to 5% of the Standard Model probability. Average X L q 
exclusion limits expected from future experiments are calculated based on about 2000 MC 
experiments generated according to the Standard Model expectations. In Figures |2|, § and 
[| combined 95% CL exclusion limits in (Xlq, Mlq) space, expected from single leptoquark 
production, leptoquark pair production and contact interaction analysis, are presented for 
future e + e~ scattering at TESLA, and 77 scattering at TESLA and ep scattering at 
THERA, respectively. Results obtained for TESLA electron beam energy of 250 and 
500 GeV are compared with existing limits. In all cases search for single leptoquark 
production significantly improves the limits coming from leptoquark pair production and 
indirect searches. For coupling values Xlq ~ 0.1 the leptoquark mass limits can be 
extended up to the kinematic limit Mlq) ~ ^/s. For lower leptoquark masses (but above 
the limit from the leptoquark pair production), limits on the leptoquark Yukawa coupling 
Xlq can be improved by an order of magnitude. 



8 Summary of results 



In Figures ^|, ^ |7| and |, 95% CL exclusion limits in (Xlq, Mlq) space, expected from 
different experiments are compared with existing limits and possible leptoquark signal, for 
Sy 2 , Si, V and Vjy 2 leptoquark models respectively. New HERA data are not expected to 
improve the existing leptoquark limits significantly. Also the effect of future measurements 
at the Tevatron is moderate: leptoquark mass limits will increase by 100-150 GeV (see also 
Table ^). Sizable improvement of the leptoquark mass and coupling limits is expected from 
high luminosity LHC data. Exclusion limits expected from the leptoquark pair production 
at LHC will extend up to the leptoquark masses of about 2.2 TeV. The possible Si and 
V leptoquark "signal" , resulting from the new data on the atomic parity violation, can 
be confirmed or excluded even for very high leptoquark masses. If the leptoquark type 
particle is discovered at LHC, with mass below 1 TeV, TESLA and THERA will be an 
ideal place to study its properties, provided that the Yukawa coupling is not too small. 
For e7 scattering at TESLA leptoquarks with Yukawa couplings down to Xlq ~ 0.01 can 
be studied. 
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Figure 2: Expected 95% CL exclusion limits in (Xlq, M L q) space, for different leptoquark 
models (as indicated in the plot), for 100 fb^ 1 of e + e~ data at TESLA. Combined limits 
(based on leptoquark pair production, single leptoquark production and hadronic cross- 
section measurements) for electron beam energy of 500 GeV (dark blue) and 250 GeV 
(light green) are compared with existing limits (yellow; very light). 



13 




Figure 3: Expected 95% CL exclusion limits in (\lq, M L q) space, for different leptoquark 
models (as indicated in the plot), for 100 fb~ l of e7 and 77 data at TESLA. Combined 
limits (based on leptoquark pair production in 77, single leptoquark production in ej and 
e7 NC DIS cross-section measurements) for electron beam energy of 500 GeV (dark blue) 
and 250 GeV (light green) are compared with existing limits (yellow; very light). 
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M LQ [GeV] M LQ [GeV] 

Figure 4: Expected 95% CL exclusion limits in (Xlq, Mlq) space, for different leptoquark 
models (as indicated in the plot), for 100 pb" 1 of e~p data at THERA. Combined limits 
(based on single leptoquark production and high-Q 2 NC DIS cross-section measurements) 
for electron beam energy of 500 GeV (dark blue) and 250 GeV (light green) are compared 
with existing limits (yellow; very light). 
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Figure 5: Comparison of expected 95% CL exclusion limits in (Xlq, M L q) for Sy 2 
leptoquark model, for different future experiments, as indicated in the plot. Presented 
limits correspond to 2x400 pb' 1 of e ± p data at HERA (^=318 GeV), 100 pb' 1 of e~p 
data at THERA (^=1.4 TeV), 10 fb~ l of pp data at the Tevatron (v^=2 TeV), 100 fb~ x 
of pp data at the LHC (y/s=14 TeV) and 100 fb' 1 of e + e~ , and 77 data at TESLA 
(y/s^=l TeV). Also indicated are 95% CL exclusion and signal limits from global analysis 
of existing data[[l|]. 
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Figure 6: Comparison of expected 95% CL exclusion limits in (Xlq, M L q) for Si lepto- 
quark model, for different future experiments, as indicated in the plot. Presented limits 
correspond to 2x400 pb' 1 of e ± p data at HERA (^£=318 GeV), 100 pb~ l of e~p data 
at THERA (^=1.4 TeV), 10 fb~ x of pp data at the Tevatron (y/s=2 TeV), 100 fb' 1 
of pp data at the LHC {y/s=U TeV) and 100 fb' 1 of e+e", ej and 77 data at TESLA 
(y/s^=l TeV). Also indicated are 95% CL exclusion and signal limits from global analysis 
of existing data|l|. 
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Figure 7: Comparison of expected 95% CL exclusion limits in (\ L q, M L q) for V lepto- 
quark model, for different future experiments, as indicated in the plot. Presented limits 
correspond to 2x400 pb~ l of e ± p data at HERA (^£=318 GeV), 100 pb' 1 of e~p data 
at THERA (^=1.4 TeV), 10 fb' 1 of pp data at the Tevatron (y/s=2 TeV), 100 fb~ x 
of pp data at the LHC (y / i=14 TeV) and 100 fb^ 1 of e + e~ , and 77 data at TESLA 
(y/s^=l TeV). Also indicated are 95% CL exclusion and signal limits from global analysis 
of existing data[[l|]. 
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Figure 8: Comparison of expected 95% CL exclusion limits in (X L q,M L q) for Vh 2 
leptoquark model, for different future experiments, as indicated in the plot. Presented 
limits correspond to 2x400 pb' 1 of e ± p data at HERA (-y/s=318 GeV), 100 pb' 1 of e~p 
data at THERA (^=1.4 TeV), 10 fb~ x oipp data at the Tevatron (y/s=2 TeV), 100 /V 1 
of pp data at the LHC (y/s=U TeV) and 100 fb~ l of e+e~, e~f and 77 data at TESLA 
(y/s^=l TeV). Also indicated are 95% CL exclusion and limits from global analysis of 
existing data [[!]]. 
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